US009130796B2

a2 United States Patent

Krishnan et al.

US 9,130,796 B2
*Sep. 8, 2015

(10) Patent No.:
(45) Date of Patent:

(54) METHOD AND APPARATUS FOR
CHARACTERIZED PRE-DISTORTION
CALIBRATION OF A POWER AMPLIFIER

(71) Applicant: QUALCOMM Incorporated, San
Diego, CA (US)
(72) Inventors: Sudarsan Krishnan, San Diego, CA
(US); David Coronel, San Diego, CA
(US); Jay P. Shah, Sunnyvale, CA (US)
(73) Assignee: QUALCOMM Incorporated, San
Diego, CA (US)
(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.
This patent is subject to a terminal dis-
claimer.
(21) Appl. No.: 13/793,994
(22) Filed: Mar. 11,2013
(65) Prior Publication Data
US 2014/0023128 Al Jan. 23, 2014
Related U.S. Application Data
(60) Provisional application No. 61/672,594, filed on Jul.
17, 2012.
(51) Imt.ClL
HO04B 3/46 (2006.01)
HO4L 25/49 (2006.01)
HO4L 25/03 (2006.01)
HO3F 1/32 (2006.01)
H04B 1/04 (2006.01)
(52) US.CL
CPC ....... HO4L 25/03343 (2013.01); HO3F 1/3282

(2013.01); H04B 1/0475 (2013.01); H04B
2001/0425 (2013.01)

Characterization Process
on a few Phones

300.

308 Mulfiple RGIS

308

Perform
Predistortion
Callbration
on 3 Channels

310~ |

312~ (M
314

(58) Field of Classification Search

CPC ... HO4L 27/367; HOAL 27/368; H04B
2001/0425; HO4B 1/0475; H04B 17/0005;
HO04B 17/001; HO04B 17/0062; H04B 15/00
USPC .............. 375/224,296-297; 455/501, 67.13,

455/67.14,114.2,114.3,115.2
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
7,113,036 B2 9/2006 Moffatt et al.
8,009,762 Bl 8/2011 Al-Qaq et al.
8,081,711 B2  12/2011 Leeetal.
8,170,507 B2 5/2012 Wang et al.
8,170,819 B2 5/2012 Raghavan et al.
8,354,884 B2* 1/2013 Braithwaite .................. 330/149
8,615,208 B2* 12/2013 McCallister et al. ...... 455/127.1
(Continued)
FOREIGN PATENT DOCUMENTS
EP 1394954 A2 3/2004
OTHER PUBLICATIONS

Partial International Search Report—PCT/US2013/050953—ISA/
EPO—Jan. 23, 2014.

Primary Examiner — Khanh C Tran

(57) ABSTRACT

A method and apparatus for characterized pre-distortion cali-
bration is provided. The method begins with the selection of
a number of devices to be characterized. The number of
devices selected may be a subset of a larger group of devices.
The selected number of devices is then characterized. The
method avoids characterizing the large group of devices. The
calibration of the group of devices is then based on the char-
acterization of the selected number of devices.

16 Claims, 8 Drawing Sheets

Proposed Process In Factory

Do DA
Calibration w/
Measurements for
Char Predist Cal

Determine
Predistortion RGI



US 9,130,796 B2
Page 2

(56)

References Cited

U.S. PATENT DOCUMENTS

2005/0156662 Al
2008/0051042 Al*

7/2005 Raghupathy et al.

2/2008 Komaili et al.

............ 455/114.3

2008/0151974 Al 6/2008
2008/0238544 Al  10/2008
2010/0128764 Al 5/2010
2013/0287076 Al* 10/2013

* cited by examiner

Jensen et al.

Morris et al.

Debaillie et al.

Afsahietal. ................. 375/221



US 9,130,796 B2

Sheet 1 of 8

Sep. 8, 2015

U.S. Patent

801
uonels

SllqoN

801

uoijels
allqoN

801
uonels

aliqoi

801
uonels

allqoN

801
uoneis

aliqom

801
uonels

allqoN

801
uonejs
31O

oLl

801
uonels
3IIqOIN

901
osq

0T
S

30}
uonels
a|lqol

801
uonels

allqoN

801
uonels

allqoN

80T

uonejs
aliqoN

0ol



US 9,130,796 B2

Sheet 2 of 8

Sep. 8, 2015

U.S. Patent

8¢ee

5 vee
—>» Dbulyojep
vee t4:14
juswdinbg| yuswdinbg Souepadul
Buunsesy| | Buunsesay
aseyd ||spnudwy [Ty
(1[4
juawdinb3z Hupnseasp
A
[-6€¢C
154 Joal nﬂ
8222 Jaxajdng ) Moy
9z~ 2~
0ce

<€

»-s2])s1I9)oRIRY D)
painseap

t4 %4
10)e(|19s0
[eso

1] %4 80C 90¢

aAuq | puegaseg

0z urey) jwisued]

C0¢ J9A190sURI] 4

oy dwy [<liduaAuoddn < OPISURI] (€]

9¢¢

00¢



US 9,130,796 B2

Sheet 3 of 8

Sep. 8, 2015

U.S. Patent

ove > C uﬁm D)
gee > AN ww»muo._n_
19Y uUonIo)SIpaid
el aujuudleg
pee »
M noo._+ puz >
[eD isipaid Jeyd

10} SJUWAINSeS|N

—1»1| Imuopelqied
zes va od
A
onn\\v_ N louueyg jos |

1

M ¢"l=Ndooq >
82¢ »

pueg 338

wNﬂ.\V_

yze >

}

uibag

D

ejeq poazi
-19)aeley?)

(44"

Mojoe4 uj sseosouad pasodoad

C

pu3

A

|]suueyo Jad |9y

Jad saAIng abesony A/w L€

—<
—<

1

doon

doo

»Nf
T

sjouueyd ¢ Uo
1eD )sipald Jeyn
10} SJUIWAINSLIN
uuouad

A

s|auueyd ¢ uo
uopne.iqijed
uoiuojsipald
wJouad

i

N [3uuey) Jas

i 80¢

s3n a1dinn
\rmEI+L._Is_IU m(vom
Afcon

1

><__sI9Y 3dRINN S _

1

90¢€

C

uibag

D _z0¢

sauoyd Maj e uo

§§9901d UoleZlIa)oRIRY)



US 9,130,796 B2

Sheet 4 of 8

Sep. 8, 2015

U.S. Patent

AMAM Vs POUT, EGSM, §97.4 MHz, 5 Phones, Kepler FFA

M

-50.2——-

-50.4{ ———

20.5 21.5 22.5 23.5 24.5 255 26.5 27.5 28.5 29.5 30.5 31.5 32.5

-51

Pout (dBm)

Normalized AMAM and Aligned to Maximum Qutput Power AMAM Curve

31.5 32.5

30.5

Pout (dBm)



US 9,130,796 B2

Sheet 5 of 8

Generic AMAM Curve

Sep. 8, 2015

U.S. Patent

| | | | |
_ _
| _ R Y, T = I N
_
|
% | ____JGg@CECE@CEoC 4
_
I\ N I S I S I Y O B SRR
|
| _ ™ I T
_
|
|||||||||||||||| 4]
|
_
|||||||||||||||| |_,||||||
|
_
||||||||||||| L
_
|||||||||||||||||||| A
|
_
||||||_||||| |_v |||||
|
|
IIIIIIIIIIIIII |§I IIIIl_‘Illllu
! _
! 1
||||||||||||| Lo s RS
” _
|||||||||||||| ot
P _ L ! _

It Sl At Sl bt fy i Sl s At
| _ A |
|||||| ooy N

I—
_ _ 1 I
| | o |
|||||| e T e S SR
| | R B
_ _ L ¥;
|||||J|||||4|||_|T||4|Jw||| N
| | | / |
| _ ' L |
N © D < © @ o
< < < <

Pout (dBm)

FIG. 6

519.520.521.522.523.524.525.526.527.528.529.5 30.531.532.5

8.

751

15.516.51



US 9,130,796 B2

Sheet 6 of 8

Sep. 8, 2015

U.S. Patent

182 —
81z
82,2 J9x91dnq <
92~~~
0cL

vel

Buiyoyen
9ouepaduw

173

Joidwy |«
Jamod

Z0.Z JaAIR3SuURI] 4y

|||||||||||||||||||||||||||||||| d
274 urey9 91999y
|||||||||||||||||||||||||||||||| 2
8¢
salsua)aeIRY)
ﬂ paJnsed|\
Jdojejios0
[eso
T T _
oL 804 174
uopJo}sig
d -aid
soudwy [ 4eMeAu0adn e
J9ALQ 4
Japiwsuel)
puegoseg
$0. uleys jwsues) 902’

9€L

00L



US 9,130,796 B2

8 Old

Sheet 7 of 8

Sep. 8, 2015

N 908
o918 dsa 10}93)a( [eubis

Vo !
" — _ 708
[ cl JOAIRI3Y " Aoway
! _
| |

_ 08
m 08 .opwsues] i 10883901g
I |

808 921A9( SSOIBIIM

U.S. Patent




US 9,130,796 B2

Sheet 8 of 8

Sep. 8, 2015

U.S. Patent

6 Old

ZI6  JoAI999Yy

816 —_ |

0I6 .epuwsues)

926
N 906
99B3JU| SUORIIUNWIWO)

..... |

[ v06

“ fowap

I

|

_ 206

| 10$S990.1d
____

806 uonejs aseq




US 9,130,796 B2

1
METHOD AND APPARATUS FOR
CHARACTERIZED PRE-DISTORTION
CALIBRATION OF A POWER AMPLIFIER

CLAIM OF PRIORITY UNDER 35 U.S.C. §119

The present application for patent claims priority to Provi-
sional Application No. 61/672,594 entitled “METHOD AND
APPARATUS FOR CHARACTERIZED PRE-DISTOR-
TION CALIBRATION OF A POWER AMPLIFIER” filed
Jul. 17, 2012, and assigned to the assignee hereof and hereby
expressly incorporated by reference herein.

BACKGROUND

1. Field

The present disclosure relates generally to wireless com-
munication system. More specifically the present disclosure
related to methods and apparatus for characterized pre-dis-
tortion calibration of a power amplifier.

2. Background

Wireless communication devices have become smaller and
more powerful as well as more capable. Increasingly users
rely on wireless communication devices for mobile phone use
as well as email and Internet access. At the same time, devices
have become smaller in size. Devices such as cellular tele-
phones, personal digital assistants (PDAs), laptop computers,
and other similar devices provide reliable service with
expanded coverage areas. Such devices may be referred to as
mobile stations, stations, access terminals, user terminals,
subscriber units, user equipments, and similar terms.

A wireless communication system may support communi-
cation for multiple wireless communication devices at the
same time. In use, a wireless communication device may
communicate with one or more base stations by transmissions
on the uplink and downlink. Base stations may be referred to
as access points, Node Bs, or other similar terms. The uplink
or reverse link refers to the communication link from the
wireless communication device to the base station, while the
downlink or forward link refers to the communication from
the base station to the wireless communication devices.

Wireless communication systems may be multiple access
systems capable of supporting communication with multiple
users by sharing the available system resources, such as band-
width and transmit power. Examples of such multiple access
systems include code division multiple access (CDMA) sys-
tems, time division multiple access (TDMA) systems, fre-
quency division multiple access (FDMA) systems, wideband
code division multiple access (WCDMA) systems, global
system for mobile (GSM) communication systems, enhanced
data rates for GSM evolution (EDGE) systems, and orthogo-
nal frequency division multiple access (OFDMA) systems.

Asuse of mobile devices grows, so does the need to manu-
facture and test new devices in an efficient manner. Linear
power amplifiers, such as those used for EDGE mode, require
careful pre-distortion calibration in order to operate the power
amplifier. These tests demand significant time at the factory
for the calibration process. Typically, such calibration and
testing requires measurement of multiple values throughout
the testing process. These tests require significant amounts of
time to conduct. In some cases, operating values are selected
which may be less than optimum but which require less
testing time to determine may be used. In these cases, oper-
ating values such as EDGE mode current are less than opti-
mum.
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There is a need in the art for methods and apparatus for
characterizing pre-distortion in the calibration process with
reduced number of measurements needed to determine
device calibration.

SUMMARY

Embodiments disclosed herein provide a method for char-
acterized pre-distortion calibration. The method begins with
the selection of a number of devices to be characterized. The
number of devices selected may be a subset of a larger group
of devices. The selected number of devices are then charac-
terized. The calibration of the group of devices is then based
on the characterization of the selected number of devices.

A further embodiment provides an apparatus for charac-
terized pre-distortion calibration. The apparatus includes a
processor for performing pre-distortion calibration, a proces-
sor for averaging curves for each RF gain index on each
channel, and a non-volatile memory.

A still further embodiment provides an apparatus for char-
acterized pre-distortion calibration. The apparatus includes
means for selecting a number of devices for characterizing,
wherein the number of devices selected is a subset of a group
of devices; means for characterizing the selected number of
devices; and means for calibrating the group of devices based
on the characterization of the selected number of devices.

An additional embodiment provides a computer-readable
non-transitory storage medium containing instructions. The
instructions cause a processor to perform the steps of: select-
ing a number of devices for characterizing, wherein the num-
ber of devices selected is a subset of a larger group of devices;
characterizing the selected number of devices; and calibrat-
ing the group of devices based on the characterization of the
selected number of devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates one configuration of a wireless commu-
nication system, in accordance with certain embodiments of
the disclosure.

FIG. 2 illustrates a block diagram of an example of elec-
tronic components capable of transmitting in accordance with
certain embodiments of the disclosure.

FIG. 3 is a flow diagram of a method for characterized
pre-distortion calibration according to an embodiment.

FIG. 4 depicts the generic AMAM vs POUT curves accord-
ing to an embodiment.

FIG. 5 shows a normalized AMAM and a curve aligned to
maximum output power AMAM curve according to an
embodiment.

FIG. 6 illustrates a generic AMAM curve.

FIG. 7 is a block diagram illustrating one example of a
system capable of transmitting after a test period to calibrate
a power amplifier, according to embodiments of the disclo-
sure.

FIG. 8 illustrates components of a wireless device accord-
ing to embodiments of the disclosure.

FIG. 9 depicts various components that may be utilized in
a wireless communication device.

DETAILED DESCRIPTION

Various aspects are now described with reference to the
drawings. In the following description, for purposes of expla-
nation, numerous specific details are set forth in order to
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provide a thorough understanding of one or more aspects. It
may be evident, however, that such aspect(s) may be practiced
without these specific details.

As used in this application, the terms “component,” “mod-
ule,” “system” and the like are intended to include a com-
puter-related entity, such as, but not limited to hardware,
firmware, a combination of hardware and software, software,
or software in execution. For example, a component may be,
but is not limited to being, a process running on a processor,
a processor, an object, an executable, a thread of execution, a
program and/or a computer. By way of illustration, both an
application running on a computing device and the comput-
ing device can be a component. One or more components can
reside within a process and/or thread of execution and a
component may be localized on one computer and/or distrib-
uted between two or more computers. In addition, these com-
ponents can execute from various computer readable media
having various data structures stored thereon. The compo-
nents may communicate by way of local and/or remote pro-
cesses such as in accordance with a signal having one or more
data packets, such as data from one component interacting
with another component in alocal system, distributed system,
and/or across a network such as the Internet with other sys-
tems by way of the signal.

As used herein, the term “determining” encompasses a
wide variety of actions and therefore, “determining” can
include calculating, computing, processing, deriving, inves-
tigating, looking up (e.g., looking up in a table, a database or
another data structure), ascertaining and the like. Also,
“determining” can include resolving, selecting choosing,
establishing, and the like.

The phrase “based on” does not mean “based only on,”
unless expressly specified otherwise. In other words, the
phrase “based on” describes both “based only on” and “based
at least on.”

Moreover, the term “or” is intended to man an inclusive
“or” rather than an exclusive “or.” That is, unless specified
otherwise, or clear from the context, the phrase “X employs A
or B” is intended to mean any of the natural inclusive permu-
tations. That is, the phrase “X employs A or B” is satisfied by
any of the following instances: X employs A; X employs B; or
X employs both A and B. In addition, the articles “a” and “an”
as used in this application and the appended claims should
generally be construed to mean “one or more” unless speci-
fied otherwise or clear from the context to be directed to a
singular form.

The various illustrative logical blocks, modules, and cir-
cuits described in connection with the present disclosure may
be implemented or performed with a general purpose proces-
sor, a digital signal processor (DSP), an application specific
integrated circuit (ASIC), a field programmable gate array
(FPGA), or other programmable logic device, discrete gate or
transistor logic, discrete hardware components or any com-
bination thereof designed to perform the functions described
herein. A general purpose processor may be a microproces-
sor, but in the alternative, the processor may be any commer-
cially available processor, controller, microcontroller, or state
machine. A processor may also be implemented as a combi-
nation of computing devices, e.g., a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core or any
other such configuration.

The steps of amethod or algorithm described in connection
with the present disclosure may be embodied directly in hard-
ware, in a software module executed by a processor or in a
combination of the two. A software module may reside in any
form of storage medium that is known in the art. Some
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examples of storage media that may be used include RAM
memory, flash memory, ROM memory, EPROM memory,
EEPROM memory, registers, a hard disk, a removable disk, a
CD-ROM,; and so forth. A software module may comprise a
single instruction, or many instructions, and may be distrib-
uted over several different code segments, among different
programs and across multiple storage media. A storage
medium may be coupled to a processor such that the proces-
sor can read information from, and write information to, the
storage medium. In the alternative, the storage medium may
be integral to the processor.

The methods disclosed herein comprise one or more steps
or actions for achieving the described method. The method
steps and/or actions may be interchanged with one another
without departing from the scope of the claims. In other
words, unless a specific order of steps or actions is specified,
the order and/or use of specific steps and/or actions may be
modified without departing from the scope of the claims.

The functions described may be implemented in hardware,
software, firmware, or any combination thereof. If imple-
mented in software, the functions may be stored as one or
more instructions on a computer-readable medium. A com-
puter-readable medium may be any available medium that
can be accessed by a computer. By way of example, and not
limitation, a computer-readable medium may comprise
RAM, ROM, EEPROM, CD-ROM or other optical disk stor-
age, magnetic disk storage, or other magnetic storage devices,
or any other medium that can be used to carry or store desired
program code in the form of instructions or data structures
and that can be accessed by a computer. Disk and disc, as used
herein, includes compact disk (CD), laser disk, optical disc,
digital versatile disk (DVD), floppy disk, and Blu-ray® disc
where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers.

Software or instructions may also be transmitted over a
transmission medium. For example, if the software is trans-
mitted from a website, server, or other remote source using a
coaxial cable, fiber optic cable, twisted pair, digital subscriber
line (DSL), or wireless technologies such as infrared, radio,
and microwave, then the coaxial cable, fiber optic cable,
twisted pair, DSL, or wireless technologies such as infrared,
radio, and microwave are included in the definition of trans-
mission medium.

Further, it should be appreciated that modules and/or other
appropriate means for performing the methods and tech-
niques described herein, such as those illustrated by FIGS.
3-6, can be downloaded and/or otherwise obtained by a
mobile device and/or base station as applicable. For example,
such a device can be coupled to a server to facilitate the
transfer of means for performing the methods described
herein. Alternatively, various methods described herein can
be provided via a storage means (e.g., random access memory
(RAM), read only memory (ROM), a physical storage
medium such as a compact disc (CD) or floppy disk, etc.),
such that a mobile device and/or base station can obtain the
various methods upon coupling or providing the storage
means to the device. Moreover, any other suitable technique
for providing the methods and techniques described herein to
a device can be utilized.

Furthermore, various aspects are described herein in con-
nection with a terminal, which can be a wired terminal or a
wireless terminal. A terminal can also be called a system,
device, subscriber unit, subscriber station, mobile station,
mobile, mobile device, remote station, remote terminal,
access terminal, user terminal, communication device, user
agent, user device, or user equipment (UE). A wireless termi-
nal may be a cellular telephone, a satellite phone, a cordless
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telephone, a Session Initiation Protocol (SIP) phone, a wire-
less local loop (WLL) station, a personal digital assistant
(PDA), a handheld device having wireless connection capa-
bility, a computing device, or other processing devices con-
nected to a wireless modem. Moreover, various aspects are
described herein in connection with a base station. A base
station may be utilized for communicating with wireless ter-
minal(s) and may also be referred to as an access point, a
Node B, or some other terminology.

The techniques described herein may be used for various
wireless communication networks such as Code Division
Multiple Access (CDMA) networks, Time Division Multiple
Access (TDMA) networks, Frequency Division Multiple
Access (FDMA) networks, Orthogonal FDMA (OFDMA)
networks, Single-Carrier FDMA (SC-FDMA) networks, etc.
The terms “networks” and “systems” are often used inter-
changeably. A CDMA network may implement a radio tech-
nology such as Universal Terrestrial Radio Access (UTRA),
CDMA2000, etc. UTRA includes Wideband CDMA
(W-CDMA). CDMA2000 covers 1S-2000, 1S-95 and tech-
nology such as Global System for Mobile Communication
(GSM).

An OFDMA network may implement a radio technology
such as Evolved UTRA (E-UTRA), the Institute of Electrical
and Electronics Engineers (IEEE) 802.11, IEEE 802.16,
TEEE 802.20, Flash-OFDAM®), etc. UTRA, E-UTRA, and
GSM are part of Universal Mobile Telecommunication Sys-
tem (UMTS). Long Term Evolution (LTE) is a release of
UMTS that uses E-UTRA. UTRA, E-UTRA, GSM, UMTS,
and LTE are described in documents from an organization
named “3"¢ Generation Partnership Project” (3GPP).
CDMAZ2000 is described in documents from an organization
named “3"“ Generation Partnership Project 2” (3GPP2).
These various radio technologies and standards are known in
the art. For clarity, certain aspects of the techniques are
described below for LTE, and LTE terminology is used in
much ofthe description below. It should be noted that the LTE
terminology is used by way of illustration and the scope of the
disclosure is not limited to LTE. Rather, the techniques
described herein may be utilized in various application
involving wireless transmissions, such as personal area net-
works (PANs), body area networks (BANs), location, Blue-
tooth, GPS, UWB, RFID, and the like. Further, the techniques
may also be utilized in wired systems, such as cable modems,
fiber-based systems, and the like.

Single carrier frequency division multiple access (SC-
FDMA), which utilizes single carrier modulation and fre-
quency domain equalization has similar performance and
essentially the same overall complexity as those of an
OFDMA system. SC-FDMA signal may have lower peak-to-
average power ration (PAPR) because of its inherent single
carrier structure. SC-FDMA may be used in the uplink com-
munications where the lower PAPR greatly benefits the
mobile terminal in terms of transmit power efficiency.

Amplifiers may have a linear range and a non-linear range.
In order to avoid signal distortion, amplifiers may be used in
the linear range. In the non-linear range, the signals may be
subject to distortion due to amplitude to amplitude modula-
tion and amplitude to phase modulation. This may be caused
by the ratio of input power to output power may not be
constant when the amplifier is operated in the non-linear
range. As the input signal amplitude increases, a dispropor-
tionate increase in the output power may occur. This may be
referred to as amplitude modulation to amplitude modulation
(AMAM), since an unwanted additional amplitude modula-
tion is experienced.
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AMAM may be experienced up to a maximum output
power at which point the input values may result in the same
output values. When this occurs it may be known as compres-
sion, and may result in the signal being clipped. The signal
may have square or sharp edges in the time domain, which
implies that higher frequency components may be generated.
This may cause out of band emissions in addition to the
distortion of the amplified signal.

The output phase of the signal may not be constant at
different amplitude levels of the input signal undergoing
amplification. The amplified signal may experience a phase
modulation as a function of the input amplitude. This rela-
tionship may not be constant, that is, the relationship may be
non-linear. This may be referred to amplitude modulation to
phase modulation (AMPM).

A power amplifier may be driver harder in order to obtain
more efficiency from the power amplifier. Typically, operat-
ing a power amplifier at a higher efficiency comes at a price of
amplitude and phase distortion of the input signal. Pre-dis-
tortion techniques may be used to correct these distortions.
However, the power amplifier may have a memory effect.
This memory effect means that the actual observed distortion
depends on the nature of the waveform to be transmitted. This
means that the AMAM or AMPM characteristics of the power
amplifier may depend on the nature of the waveform of the
input signal. It is desirable to measure the AMAM and
AMPM characteristics of the power amplifier when a trans-
mitter transmits a waveform similar to an actual transmit
waveform. This testing is usually done during the manufac-
turing or assembly of the transmitter that includes the power
amplifier. The power amplifier may amplify signals for GSM
communication systems, EDGE systems, WCDMA systems,
among others.

During testing the measured mean AMAM and AMPM
characteristics of the power amplifier may be used to pre-
distort the transmit waveform. The power amplifier may also
be calibrated using an actual transmit signal, which enables
pre-distortion techniques to be used. These pre-distortion
techniques may vary depending on the system where the
power amplifier will ultimately be used. Each system may
have different specifications for the power amplifiers used on
that system. By using an actual transmit signal to calibrate the
power amplifier the same power amplifier may be used for
each type of communication system.

FIG. 1 illustrates a wireless system 100 that may include a
plurality of mobile stations 108, a plurality of base stations
110, a base station controller (BSC) 106, and a mobile switch-
ing center (MSC) 102. The system 100 may be GSM, EDGE,
WCDMA, CDMA, etc. the MSC 102 may be configured to
interface with a public switched telephone network (PTSN)
104. The MSC may also be configured to interface with the
BSC106. There may be more than one BSC 106 in the system
100. Each base station 110 may include at least one sector (not
shown), where each sector may have an omnidirectional
antenna or an antenna pointed in a particular direction radi-
ally away from the base stations 110. Alternatively, each
sector may include two antennas for diversity reception. Each
base station 110 may be designed to support a plurality of
frequency assignments. The intersection of a sector and a
frequency assignment may be referred to as a channel. The
mobile stations 108 may include cellular or portable commu-
nication system (PCS) telephones.

During operation of the cellular telephone system 100, the
base stations 110 may receive sets of reverse link signals from
sets of mobile stations 108. The mobile stations 108 may be
involved in telephone calls or other communications. Each
reverse link signal received by a given base station 110 may
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be processed within that base station 110. The resulting data
may be forwarded to the BSC 106. The BSC 106 may provide
call resource allocation and mobility management function-
ality including the orchestration of soft handoffs between
base stations 110. The BSC 106 may also route the received
data to the MSC 102, which provides additional routing ser-
vices for interfacing with the PSTN 104. Similarly, the PTSN
104 may interface with the MSC 102, and the MSC 012 may
interface with the BSC 106, which in turn may control the
base stations 110 to transmit sets of forward link signals to
sets of mobile stations 108.

FIG. 2 is a block diagram illustrating one example of elec-
tronic components 200 capable of transmitting. The elec-
tronic components 200 may be part of' a mobile station 108, a
base station 110, or any other type of device that may trans-
mit. The electronic components 200 may include a power
amplifier 216. Tests may be conducted in order to optimize
the performance and efficiency of the amplifier 216. In one
scenario the tests may be conducted before the components
200 are marketed, that is, before an end user acquires the
components 200. In one example, the configuration 200 may
include a radio frequency (RF) transceiver 202. The trans-
ceiver 202 may transmit outgoing signals 226 and receive
incoming signals 228 via an antenna 220. A transmit chain
204 may be used to process signals that are to be transmitted
and a receive chain 214 may be implemented to process
signals received by the transceiver 202. An incoming signal
228 may be processed by a duplexer 218 and impedance
matching 224 of the incoming signal 228 may occur. The
incoming signal 228 may then be processed by the receive
chain 214.

In one configuration, the system 200 is tested in order to
calibrate the power amplifier (PA) 216 and to optimize the
efficiency of PA 216. A testing input signal 236 may be
provided to a baseband transmitter 206. The baseband trans-
mitter 206 may also include a filter (not shown) to filter out
noise associated with the testing input signal 236. The testing
input signal 236 may be upconverted to a high frequency
signal by an RF upconverter 208. The upconverter 208 may be
under the control of a local oscillator 212. A driver amplifier
210 may amplify the signal and the signal may pass through
the PA 216.

In one configuration, the testing input signal 236 may be
fed through the transmit chain 204, into the PA 216, and PA
output 237 may be passed through a duplexer 218. The
duplexed signal 239 may be measured (rather than measuring
the output signal 226 from the antenna 220). During the
testing of PA 216, measuring equipment 230 may be con-
nected to the output of the duplexer 218 (i.e., the duplexed
signal 239). The equipment 230 may include amplitude mea-
suring equipment or functionality 232 and phase measuring
equipment or functionality 234. The measuring equipment
230 may be implemented by a computing device that includes
a processor, memory, a display, communication interfaces,
and the like. The block diagrams of FIGS. 8 and 9 illustrate
these components in the context of a wireless device and a
base station.

The measuring equipment 230 may implement the ampli-
tude measuring functionality and the phase measuring func-
tionality to measure the mean AMAM/AMPM characteristics
of'the PA output 237 after it has passed through the duplexer
218 (i.e., the duplexed signal 239). The measured character-
istics 238 (e.g., mean AMAM/AMPM characteristics) may
be used to implement pre-distortion techniques in the base-
band transmitter 206 when the system 200 is in normal use
(see FIG. 8). For example, if the components 200 were part of
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a mobile station 108, the pre-distortion techniques may be
used in the baseband transmitter 206 during normal operation
of the mobile station 108.

A method is provided that reduces calibration time by
characterizing a set of phones and applying a characterized
pre-distortion calibration to every phone. Specifically, this
requires that the AMAM maximum power, which defines the
mapping between the output power and the baseband digital
to analog converter (DAC), be adapted for each UE. In addi-
tion, a slope measurement of the AMAM slope correction
may be adapted for each UE. The averaging technique should
be specified for both AMAM and AMPM. A first technique
for averaging averages power with respect to DAC and also to
average phase distortion with respect to DAC. These tech-
niques may be expanded to become a family of curves based
on the RGI.

Linear power amplifiers may be used in 8 phase shift keyed
(8PSK) mode of communication. This mode requires that
pre-distortion calibration be performed to ensure that lees
current is consumed when operating in 8PSK mode. This
pre-distortion calibration requires an additional eight seconds
per band. This additional time results in additional cost.

The methods described below use average AMAM values
across a product group of UEs. Some additional measure-
ments are added during DA calibration. These additional
measurements are made to ensure that DAC output is nearly
equal to the maximum DAC of the characterized data.

DA calibration offers a choice of options: PA, RGI, and
Mode (GSM/EDGE). The ideal method would allow speci-
fying a Maximum DAC for every curve and be able to set this
from the factory test mode (FTM) software. It may be pos-
sible to implement this functionality internally through a
combination of PA_SCALE and ENV_Gain. Such function-
ality would allow making one measurement for RGIs around
the possible range of pre-distortion calibration RGls. A draw-
back to this approach is that this may impose additional
requirements on the software of the UE.

An embodiment described below provides the ability to
make additional measurements during DA calibration. In
operation, the method proceeds in two phases, a character-
ization phase and a calibration phase. In the characterization
phase pre-distortion AMAM/AMPM curves are character-
ized across parts. A given DAC that is close to maximum DAC
on all bands may only be set as a function of the envelope
gain. This envelope gain becomes an envelope similar to
GSM/EDGE digital gain envelopes.

In the calibration phase the UE supports a DA calibration
command. The command includes an enumerated value for
Mode (EDGE_PD_Mode). When EDGE_PD_Mode is
selected the envelope gain that is stored in non-volatile
memory for the set of UEs is used to obtain a DAC close to the
maximum DAC. During DA calibration additional segments
are added around the pre-distortion calibration RGI and are
measured in the EDGE_PD_Mode.

The characterized AMAM/AMPM curves are applied to
every UE. Once the pre-distortion RGI has been selected, the
power difference between the EDGE_PD_Power for that RGI
is computed and the characterized power difference is applied
to the characterized AMAM maximum power.

FIG. 3 illustrates the method steps of a method of perform-
ing characterized pre-distortion calibration. The method is
performed in two phases, a first phase consisting of steps 302
through 320 that performs a characterization proves on a
selected few UEs and a second process, consisting of steps
324 through 340 that is performed on the all the UEs in that
factory prior to delivery.
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The process 300, begins at step 302. In step 304 multiple
UEs are selected to undergo the characterization process. The
number of UEs selected for the characterization process may
vary and should be carefully selected to provide the needed
data points. For example, if a new model of UE is being tested,
it may be desirable to select more UEs for characterization
than if a current model phone is in production and the design
is well known.

Once the multiple UEs have been selected, multiple reserve
guard intervals (RGI) are selected. The RGI may be used with
the optical cable OFDM transmissions and should be selected
carefully. Various desired operating characteristics may influ-
ence the selection of the RGI. As part of step 306, multiple
RGIs may be selected. In step 308 the channel to be tested,
channel n, is set.

In step 310 pre-distortion calibration is performed on three
channels. Once the pre-distortion calibration is performed,
measurements for characterization prediction calibration are
performed on the three selected channels in step 312. In step
314 this process is repeated for each selected RGI. In step 316
the process is repeated for each UE.

Once the necessary measurements have been made, the
average curves for each RGI are computed for each channel.
The characterization curves are stored with other character-
ized data in step 322. The data stored in step 322 is also made
available for the factory process, as discussed further below.

The factory process that most UEs undergo begins at step
324. In step 326 a band for testing is set. The number of loop
passes through the process is determined and set in step 328.
The loop channel n is set in step 330. The digital amplifier
(DA) calibration with the measurements obtained from the
characterized pre-distortion calibration is performed in step
332 for each DA. The process continues through the selected
number of loops. The loop process ends at step 334. In step
338 the envelope gain is process with input from the charac-
terized data collected earlier during the characterization pro-
cess at step 322 is input and the calibration process concludes
at step 340.

The method provides a characterization technique for
AMAM/AMPM with binning on an RG] basis, as the RGIs
provide a means to separate amplifiers for specific calibration
and processing. The method also provides maximum power
adaptation for every UE and also provides AMAM slope
adaptation for every UE.

The method may also implement slope correction to cali-
brate out the average AMAM slope in addition to the AMAM
maximum power. This is done by measuring AMAM slope
during characterization between the different envelope gains.
The envelope gain settings are repeated during digital ampli-
fier calibration. At that point the slope is determined and
corrected if needed. A further embodiment provides for per-
forming AMPM slope compensation in the same manner.

The envelope gain settings are stored in a non-volatile
memory for use during both the characterization process and
the factory process. The envelope gain settings that are stored
in the non-volatile memory correspond to the DACs used
during characterization. If the AMPM slope correction is
needed a reference phase envelope gain value is stored in the
non-volatile memory. As testing continues, the array of enve-
lope gain values continue to be stored in the non-volatile
memory.

The DA calibration waveform may be extended to include
additional mode settings. Multiple EDGE modes may b
added as part of the extension. These additional EDGE modes
are similar to the EDGE mode and differ in the envelope gain
used.
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When a power amplifier is driven to saturation both RF
transceiver (RTR) and PA gain vary across parts, and as a
result is not equal for every mobile device. It would be inac-
curate to apply the same amount of pre-distortion to the
baseband of every mobile unit. An embodiment described
herein provides for a generic AMAM and AMPM curve as a
function of power output (POUT) is created and a single
measurement is made to map a given peak DAC value to a
peak POUT value. Once the peak POUT for the individual
device is known, the correct amount of pre-distortion may be
extracted from the generic AMAM and AMPM curves.

FIG. 4 illustrates a series of AMAM curves plotted as a
function of POUT for five mobile devices. Generating the
AMAM curve proceeds as described below. The digital pre-
distortion (DPD) AMAM non-volatile (NV) memory data is
binned, or collected. There is one generic DPD curve for each
RGI. Once that DPD AMAM non-volatile data has been
binned, the actual baseband to antenna gain is derived from
the AMAM NV stored item.

The next step provides that the AMAM curve with the
highest POUT ,, ., is identified. This mobile device will
provide the reference curve AMAM,... The AMAM,
curve may be normalized to 0 dB at peak POUT for additional
clarity, but this is not required. Once the AMAM curve with
the highest POUT has been identified the remaining AMAM
curves are aligned to the AMAM .- curve at the point of peak
POUT.

The aligned AMAM curves are then average from the
lowest to highest available POUT. FIG. 5 shows the normal-
ized AMAM and aligned to maximum output power AMAM
curve.

FIG. 6 shows the generic AMAM curve. This curve is
generated as described above. The DPD AMPM NV data is
binned by RGI. There is one generic DPD curve for each RGI.
A corresponding POUT ,, ., vector is derived for the DPD
AMPM NV data. This derivation may be performed using any
suitable method and may be varied. The AMPM curve with
the highest POUT ,,,-,, is selected. The curve is selected
across all mobile units, similar to the selection for the AMAM
curve described above. This selected curve becomes the ref-
erence curve.

The AMPM curves of the other mobile devices are aligned
to the AMPM,, ;.- curve at their peak POUT ,, ., value. The
aligned AMPM curves are then averaged from lowest to high-
est available POUT ,, 70/

FIG. 7 is a block diagram depicting one example of a
transmitting system 700 during normal operation. The system
700 may include an RF transceiver 702 for transmitting out-
going signals 726 and receiving incoming signals 728 via an
antenna 720. The RF transceiver 702 includes a receive chain
714 that receives the incoming signals 728. For example, the
incoming signals 728 may be received by the antenna 720 and
processed by duplexer 718. An impedance matching module
724 may match the impedance of the incoming signals 728.
The receive chain 714 may further process the incoming
signal 728.

A transmit signal 736 may be processed by the transmit
chain 704 before being transmitted as an outgoing signal 726.
The transmit signal may be input to a baseband transmitter
706 which is part of the transmit chain 704. Pre-distortion
techniques may be applied to the transmit signal 736 at the
baseband transmitter 706. The pre-distortion techniques may
be applied to the transmit signal 736. The pre-distortion may
cancel or otherwise compensate for distortion that is added to
the signal at a PA 716. The pre-distortion techniques may be
determined based on the measured AMAM/AMPM charac-
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teristics that were characterized as described above as part of
the testing procedure of a transmitter in system 700.

After the signal is processed by the baseband transmitter
706, it may be upconverted to a higher frequency signal by an
RF upconverter 708. The upconverter 708 may be controlled
by alocal oscillator 712. A driver amplifier 710 may amplify
the upconverted signal. In addition, the PA 716 may further
amplify the signal. Amplification of the signal by the PA 716
may distort the signal. the pre-distortion previously applied to
the signal may cancel or otherwise compensate for the dis-
tortion added at the PA 716. An amplified signal 737 may be
processed by the duplexer 718 and transmitted as a transmit
signal 726 to a receiving device via antenna 720.

FIG. 8 illustrates various components that may be utilized
in a wireless device 808. The wireless device 808 is an
example of a device that may be used with the various systems
and methods described herein. The wireless device 808 may
be amobile station 108, a mobile telecommunications device,
cellular telephone, handset, personal digital assistant (PDA),
etc.

The wireless device 808 may includes a processor 802
which controls operation of the wireless device 808. The
processor 802 may also be referred to as a central processing
unit (CPU). Memory 804, which may include both read-only
memory (ROM) and random access memory (RAM) pro-
vides instructions and data to the processor 802. A portion of
the memory 804 may also include non-volatile random access
memory (NVRAM). The processor 802 typically performs
logical and arithmetic operations based on program instruc-
tions stored within the memory 804. The instructions in the
memory 804 may be executable to implement the methods
described herein.

The wireless device 808 may also include a housing 822
that may include a transmitter 810 and a receiver 812 to allow
transmission and reception of data between the wireless
device 808 and a remote location. The transmitter 810 and
receiver 812 may be combined into a transceiver 820. An
antenna 818 may be attached to the housing 822 and electri-
cally coupled to the transceiver 820. The wireless device 808
may also include (not shown) multiple transmitters, multiple
receivers, multiple transceivers, and/or multiple antennas.

The wireless device 808 may also include a signal detector
806 that may be used to detect and quantify the level of signals
received by the transceiver 820. The signal detector 806 may
detect such signals as total energy, pilot energy per pseud-
onoise (PN) chips, power spectral density, and other signals.
The wireless device 808 may also include a digital signal
processor (DSP) 816 for use in processing signals.

The various components of the wireless device 8§08 may be
coupled together by a bus system 826 which may include a
power bus, a control signal bus, and a status signal bus in
addition to a data bus. However, for the sake of clarity, the
various buses are illustrated in FIG. 8 as the bus system 826.

FIG. 9 is a block diagram of a base station 908 in accor-
dance with one example of the disclosed systems and meth-
ods. The base station 908 is an example of a device that may
be used with the various systems and methods described
herein. Examples of different implementations of a base sta-
tion 908 include, but are not limited to, an evolved NodeB
(eNB), a base station controller, a base station transceiver an
access router, etc. The base station 908 includes a transceiver
920 that includes a transmitter 910 and a receiver 912. The
transceiver 920 may be coupled to an antenna 918. The base
station 908 further includes a digital signal processor (DSP)
914, a general purpose processor 902, memory 904, and a
communication interface 906. The various components of the
base station 908 may be included within a housing 922.
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The processor 902 may control operation of the base sta-
tion 908. The processor 902 may also be referred to as a CPU.
The memory 904, which may include both read-only memory
(ROM) and random access memory (RAM), provides
instructions and data to the processor 902. A portion of the
memory 914 may also include non-volatile random access
memory (NVRAM). The memory 904 may include any elec-
tronic component capable of storing electronic information,
and may be embodied as ROM, RAM, magnetic disk storage
media, optical storage media, flash memory, on-board
memory included with the processor 902, EPROM memory,
EEPROM memory, registers, a hard disk, a removable disk, a
CD-ROM etc. The memory 904 may store program instruc-
tions and other types of data. The program instructions may
be executed by the processor 902 to implement some or all of
the methods disclosed herein.

In accordance with the disclosed systems and methods, the
antenna 918 may receive reverse link signals that have been
transmitted from a nearby wireless device 908. The antenna
918 provides these received signals to the transceiver 920
which filters and amplifies the signals. The signals are pro-
vided from the transceiver 920 to the DSP 914 and to the
general purpose processor 902 for demodulation, decoding,
further filtering, etc.

The various components of the base station 908 are
coupled together by a bus system 926 which may include a
power bus, a control signal bus, and status signal bus in
addition to a data bus. However, for the sake of clarity, the
various buses are illustrated in FIG. 9 as the bus system 926.

It is understood that the specific order or hierarchy of steps
in the processes disclosed is an illustration of exemplary
approaches. Based upon design preferences, it is understood
that the specific order or hierarchy of steps in the processes
may be rearranged. The accompanying method claims
present elements of the various steps in a sample order, and
are not meant to be limited to the specific order or hierarchy
presented.

The previous description is provided to enable any person
skilled in the art to practice the various aspects described
herein. Various modifications to these aspects will be readily
apparent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects. Thus, the
claims are not intended to be limited to the aspects shown
herein, but is to be accorded the full scope consistent with the
language claims, wherein reference to an element in the sin-
gular is not intended to mean “one and only one” unless
specifically so stated, but rather “one or more.” Unless spe-
cifically stated otherwise, the term “some” refers to one or
more. All structural and functional equivalents to the ele-
ments of the various aspects described throughout this dis-
closure that are known or later come to be known to those of
ordinary skill in the art are expressly incorporated herein by
reference and are intended to be encompassed by the claims.
Moreover, nothing disclosed herein is intended to be dedi-
cated to the public regardless of whether such disclosure is
explicitly recited in the claims. No claim element is to be
construed as a means plus function unless the element is
expressly recited using the phrase “means for.”

It is to be understood that the claims are not limited to the
precise configuration and components illustrated above. Vari-
ous modifications, changes and variations may be made in the
arrangement, operation and details of the systems, methods,
and apparatus described herein without departing from the
scope of the claims.
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What is claimed is:

1. A method for characterized pre-distortion calibration,
comprising:

selecting a number of power amplifiers for characterizing,

wherein the number of power amplifiers selected is a
subset of a group of power amplifiers;

characterizing the selected number of power amplifiers;

and

calibrating the group of power amplifiers based on the

characterization of the selected number of power ampli-
fiers.
2. The method of claim 1, wherein characterization further
comprises:
characterizing pre-distortion amplitude modulation to
amplitude modulation curves across multiple parts;

selecting a digital to analog converter (DAC) value having
a relationship to a maximum DAC value for all bands a
power amplifier operates on; and

storing the selected DAC value.

3. The method of claim 1, wherein the calibration further
comprises:

sweeping an RF gain index over a range;

defining an amplitude modulation to amplitude modula-

tion (AMAM) curve for each tested power amplifier; and
averaging the AMAM curve across the tested power ampli-
fier.

4. The method of claim 1, wherein the calibration further
comprises:

sweeping an RF gain index over a range;

defining an amplitude modulation to phase modulation

(AMPM) curve for each tested power amplifier; and
averaging the AMPM curve across the tested power ampli-
fiers.
5. The method of claim 1, wherein the calibration com-
prises calibrating each power amplifier using an amplitude
modulation to amplitude modulation (AMAM) averaged
curve and an amplitude modulation to phase modulation
(AMPM) averaged curve.
6. The method of claim 1, wherein each power amplifiers of
the group of power amplifiers is measured on at least three
channels per band.
7. An apparatus for characterized pre-distortion calibra-
tion, comprising:
means for selecting a number of power amplifiers for char-
acterizing, wherein the number of power amplifiers
selected is a subset of a group of power amplifiers;

means for characterizing the selected number of power
amplifiers; and

means for calibrating the group of power amplifiers based

on the characterization of the selected number of power
amplifiers.

8. The apparatus of claim 7, wherein the apparatus further
comprises:

means for characterizing, wherein the means for charac-

terizing comprises:

means for characterizing pre-distortion amplitude
modulation to amplitude modulation curves across
multiple parts;

means for selecting a digital amplifier calibration (DAC)
value having a relationship to a maximum DAC value
for all bands a power amplifier operates on; and

means for storing the selected DAC value.
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9. The apparatus of claim 7, wherein the means for cali-
bration further comprises:

means for sweeping an RF gain index over a range;

means for defining an amplitude modulation to amplitude

modulation (AMAM) curve for each tested power
amplifier; and

means for averaging the AMAM curve across the tested

power amplifiers.

10. The apparatus of claim 7, wherein the means for cali-
bration further comprises:

means for sweeping an RF gain index over a range;

means for defining an amplitude modulation to amplitude

modulation (AMAM) curve for each tested power
amplifier; and

means for averaging the AMAM curve across the tested

power amplifier.

11. The apparatus of claim 7, wherein the means for cali-
bration comprises means for calibrating each power amplifier
using an amplitude modulation to amplitude modulation
(AMAM) averaged curve and an amplitude modulation to
phase modulation (AMPM) averaged curve.

12. A computer-readable non-transitory storage medium,
containing instructions, which when executed cause a proces-
sor to perform the steps of:

selecting a number of power amplifiers for characterizing,

wherein the number of power amplifiers selected is a
subset of a group of power amplifiers;

characterizing the selected number of power amplifiers;

and

calibrating the group of power amplifiers based on the

characterization of the selected number of power ampli-
fiers.
13. The computer-readable non-transitory storage medium
of claim 12, further comprising instructions for characteriza-
tion that cause a processor to perform the steps of:
characterizing pre-distortion amplitude modulation to
amplitude modulation curves across multiple parts;

selecting a digital amplifier calibration (DAC) value hav-
ing arelationship to a maximum DAC value for all bands
a device operates on; and

storing the selected DAC value.

14. The computer-readable non-transitory storage medium
of claim 12, further comprising instructions for calibration
further comprising:

sweeping an RF gain index over a range;

defining an amplitude modulation to amplitude modula-

tion (AMAM) curve for each tested power amplifier; and
averaging the AMAM curve across the tested power ampli-
fier.

15. The computer-readable non-transitory storage medium
of claim 12, further comprising instructions for:

sweeping an RF gain index over a range;

defining an amplitude modulation to phase modulation

(AMPM) curve for each tested power amplifier; and
averaging the AMPM curve across the tested power ampli-
fier.

16. The computer-readable non-transitory storage medium
of claim 12, further comprising instructions for calibration
that the calibration comprises calibrating each power ampli-
fier using an amplitude modulation to amplitude modulation
(AMAM) averaged curve and an amplitude modulation to
phase modulation (AMPM) averaged curve.

#* #* #* #* #*



